liquid can be isotropic like a gas yet dense like an ordered solid. Its very existence depends on a delicate balance between adhesive intermolecular interactions that cause it to condense and entropic forces that prevent it from crystallizing. It is remarkable that such phases exist, and remarkable, too, that quantitative molecular principles and techniques are available for their study.
It wasn't always this way. Before the 1970s, it was generally held that nothing substantive could be said about the microscopic origins of liquid properties, like equations of state and temperature and density dependences of liquid transport coefficients. The delicate balance between entropy and energy seemed to be too intricate and too system-specific, making generally applicable and simple-to-use principles elusive. What changed was the introduction of experimental probes of microscopic structure and dynamics like neutron scattering and pressure tuning spectroscopy plus the introduction of computer simulations of liquid matter. These tools provided unambiguous tests of molecular theories so that inaccurate approximations could be avoided and sound principles could be established. This set the stage for what Jerome Percus called a ''quiet revolution'' (1) and for Benjamin Widom to write a few years later ''we have indeed . . . a realistic, quantitatively reliable theory of simple liquids'' (2).
Widom was referring to reliable analytical theory for dense homogeneous f luids and f luid mixtures composed of rare gas atoms and small molecules like acetonitrile, benzene, octane, and carbon tetrachloride. For systems like those, the statistics of f luctuations in local arrangements of molecules are limited in size by dense molecular packing, but not so limited to be highly structured or rare or intermittent. As such, probability distributions for these f luctuations are reasonably simple and easy to characterize with quantitative formulas.
But the story does not end there, in part because there are many ways by which liquid matter exhibits large length scale heterogeneity, and when this heterogeneity is the result of order-disorder phenomena, the smallfluctuation theory of simple liquids is not adequate. For example, interfaces separate water-rich phases from oil-rich phases, and fluctuations of these interfaces can be large and correlated over long distances and times. These correlations underlie properties of microemulsions and foams and domain structures of fluid membranes. They also play a significant role in forces affecting behaviors far from equilibrium, like spatial patterns of phase separation dynamics and self-assembly. Not surprisingly, a central topic in contemporary liquidstate science is the molecular nature of liquid interfaces, the forces that cause them to form and the correlations of molecules at interfaces. Sometimes this topic is relevant in biophysical contexts, including those involving hydrophobic effects. For example, time scales for protein folding and assembly can reflect the time scales for reorganizing water interfaces at protein surfaces.
Heterogeneity in liquids also appears in another context, that of supercooled liquids approaching a glass transition. In this case, its source is correlated molecular dynamics. In particular, molecules in glass-forming supercooled liquids are so tightly packed that no significant reorganization can occur without coordinated motions of several neighboring molecules. As a result, over small enough periods of time, mobile molecules segregate from immobile molecules. Dynamics is heterogeneous even when spatial f luctuations are small and nothing notable occurs thermodynamically or structurally. Interfaces for this dynamic heterogeneity separate domains of mobility (which ultimately leads to ergodic behavior) from domains of immobility. These interfaces are apparent in spatial patterns of trajectories, but essentially invisible in spatial patterns of molecular structure. The cover for this issue of PNAS provides an illustration.
A generic small f luctuation picture of liquids also ceases to be complete in cases of chemical dynamics, rare events associated with chemical transformations. The way a proton in water changes allegiance from one oxygen to another, for instance, is controlled by rare f luctuations of water structure, specific transient alignments, and dynamics of hydrogen-bonding chains of water molecules together with a atypical arrangements of other neighboring molecules to produce large, but f leet-ing, electric fields. Reactive pathways are always controlled by dynamical bottlenecks, the so-called transition states, but in liquid matter their nature can be complicated and their multitude can be many. Unlike pristine chemical dynamics in gas phases, where a small number of saddle points on a lowdimensional potential energy surface can suffice, transition-state ensembles in liquids are generally broad and require methods of statistical physics to analyze. Rudolph Marcus' celebrated theory of electron transfer encapsulates one class of transition-state ensembles in remarkably simple terms, but few, if any, other such brilliant examples exist.
The tools to study these many classes of phenomena have grown as have the classes of systems examined with these tools. On the experimental side, research has moved beyond traditional ensemble average experiments to spectroscopic methods that focus on interfaces and single-molecule dynamics and to powerful light sources and microscopy that enable imaging and sometimes control of both microscopic structure and dynamics in disordered materials. On the theoretical side, modern computational resources and new algorithms provide ways to simulate large systems over long periods of time, and new classes of models and descriptions have enabled successful analyses of systems far from equilibrium. This broad field of research is now sometimes called the study of ''soft matter'' and sometimes called the study of ''complex f luids.'' It links physics and chemistry to biology and materials science. It is the general study of condensed disordered systems, which are sometimes liquid, sometimes gel, sometimes glass, sometimes granular, even sometimes alive.
This special issue of PNAS features 18 articles (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) to illustrate research in this area (liquid interfaces, structural glass formers and dense packing, polymer networks, chemical dynamics) exhibiting current tools of experiment and theory. The field is too big to capture it all with such a small collection, but the examples give a feeling for its scope and possibilities.
